This work investigates the surface and bulk properties of nanofibrillated cellulose (NFC) and bacterial cellulose (BC), as well as their reinforcing ability in polymer nanocomposites. BC possesses higher critical surface tension of 57 mN m -1 compared to NFC (41 mN m -1 ). The thermal degradation temperature in both nitrogen and air atmosphere of BC was also found to be higher than that of NFC. These results are in good agreement with the higher crystallinity of BC as determined by XRD, measured to be 71% for BC as compared to NFC of 41%. Nanocellulose papers were prepared from BC and NFC. Both papers possessed similar tensile moduli and strengths of 12
Introduction
Cellulose is used in the paper, 1 pharmaceutical and cosmetic industries, 2, 3 explored as reinforcement for polymers [4] [5] [6] [7] and natural fibre reinforced polymer nanocomposites.
spectroscopy and numerical simulations estimated the stiffness of a cellulose crystal
to be approximately 100-160 GPa, [23] [24] [25] which is highly desirable as reinforcing filler for polymer matrices. However, it is not clear what is the true crystal modulus of cellulose nor its maximum attainable stiffness as reinforcing filler. 26 Nonetheless, nanocellulose has been shown to improve the mechanical performance of the resulting nanocomposites. Yano et al. 27 have obtained a tensile modulus and strength of up to 21 GPa and 325 MPa, respectively, for a BC paper reinforced epoxy resin with a nanocellulose loading of 70 wt.-%. However, the authors failed to explain why the tensile strength of the nanocomposites was 25% higher than that of the reinforcing BC papers. Nevertheless, this study showed that high strength nanocomposites can be produced using BC papers. Laminated BC-polylactide nanocomposites at a loading fraction of 18 vol.-% have also been studied. 28 The tensile modulus doubled and the strength tripled when compared to neat polylactide. NFC, if incorporated into polymers, has also shown to significantly improve the mechanical properties of the polymer. Henriksson et al. 29 produced NFC paper reinforced hexamethoxymethyl melamine-based nanocomposites; at a volume fraction of 55 vol.-%, a Young's modulus of 9.7 GPa and tensile strength of 108 MPa was achieved. The neat polymer possesses a Young's modulus and tensile strength of only 3.6 MPa and 6.1 MPa, respectively.
It is evident that BC and NFC have the ability to act as reinforcement for the production of high strength and stiffness materials. Whilst the deformation mechanics of BC and NFC paper have been studied recently, 30 there are currently no systematic studies reporting the surface and bulk properties of NFC and BC, and the reinforcing capability of these two types of nanocellulose for composite materials. With nanocellulose gaining significant research interest and wide availability † , it is important to quantify the differences, if any, between NFC and BC. Therefore, the aim of this work is to elucidate the differences or similarities of NFC and BC in terms of their wettability, ζ-potential, crystallinity, thermal degradation behaviour and mechanical properties. This article also demonstrates the large scale manufacturing of nanocomposites using commercially available vacuum assisted resin infusion, which is intrinsically scalable and discusses the reinforcing ability of NFC and BC in nanocomposites applications. † NFC can be obtained from wood pulp via grinder or high-pressure homogenizer. fzmb GmbH is currently producing 30 t per annum of BC.
Experimental section
Materials. n-Hexane (GPR RECTAPUR, purity ≥ 95%), dimethyl sulfoxide (analytical reagent, purity ≥ 99.5%) and water (HiperSolv CHROMANORM, purity ≥ 99.5%) were purchased from VWR. n-Dodecane (purity ≥ 99%) and formamide (purity ≥ 99.5%) were purchased from Acros Organics. Ethylene glycol (Aldrich, purity ≥ 99%) was purchased from Sigma-Aldrich. All these chemicals were used without purification for wicking rate measurement of NFC and BC. Ultra low viscosity epoxy resin (PRIME 20ULV, Gurit Ltd, Isle of Wight & Hamble, UK) was used as the matrix for the nanocomposites. BC was kindly supplied by fzmb GmbH (Bad Langensalza, Germany) in wet pellicle form containing 94 wt.-% water. NFC was produced by grinding of never-dried bleached birch kraft pulp (Betula pendula).
The grinding of birch pulp was conducted using a Masuko Mass Colloider (Masuko Sangyo Co., Kawaguchi, Japan). The pulp was passed through the grinder seven times and the final consistency of the aqueous gel-like NFC was approximately 2 wt-%.
Large scale manufacturing of BC and NFC papers. BC and NFC papers with a grammage of 60 g m -2 were produced using a home-made vacuum assisted paper former equipment designed by VTT in cooperation with Metso Paper (Finland).
Firstly, the BC pellicles were cut into small pieces and blended for 2 min at a consistency of 0.1 wt.-%. The NFC suspension was adjusted to 0.4 wt.-% from 2 wt.-% consistency and blended for 2 min to produce a homogenous dispersion of nanocellulose in water. These nanocellulose suspensions were then vacuum filtered onto a filter. The filter cake was then wet pressed twice under a weight of 10 kg between blotting papers for 10 s. The partially dried nanocellulose papers from the wet pressing steps were then sandwiched between blotting papers and metal plates under a weight of 10 kg during the drying process in the oven held at 55°C for at least 48 h to dry. This was to prevent the nanocellulose papers from shrinking. Shrinkage of cellulose papers will induce flexibility in the fibre network and decrease the load bearing capability of the resulting papers.
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Manufacturing of BC or NFC paper reinforced nanocomposites. The nanocellulose paper reinforced epoxy was produced using vacuum assisted resin infusion (VARI). A schematic diagram of the VARI lay-up is shown in Figure 1 Prior to the infusion, the epoxy and hardener were mixed thoroughly at a ratio of 100:19 by weight and degassed at room temperature under a reduced pressure of 75 mmHg for 5 min. This ensures all air bubbles trapped during the mixing process were removed. The infusion process starts with an air removal step, whereby a vacuum was applied to the system via the tubing on the non-tooling side with the resin inlet tubing sealed off. When the maximum vacuum was reached (~15 mmHg), the VARI setup was left under this vacuum for 2 h to ensure that there was no leakage in the set up by constantly monitoring the pressure in the vacuum bag. Once the system was determined to be leakage-free, the liquid resin was fed at room temperature from the bottom of the polyester porous flow medium on the tooling side through the nanocellulose papers and exit via the tubing on the non-tooling side. The inlet and outlet of the system were sealed off again when the resin fully impregnated the nanocellulose papers. The resin was left to cure at room temperature for 24 h, followed by a post-curing step conducted at 50ºC for 16 h.
Characterisation of nanocellulose and its nanocomposites
Scanning electron microscopy (SEM). SEM was used to study the morphology of NFC and BC nanofibres. It was performed using a high-resolution field emission gun scanning electron microscope (LEO Gemini 1525 FEG-SEM, Oberkochen,
Germany 
where η, u, ρ c , ρ w , g denote the viscosity of water, settling velocity of agglomerated cellulose, density of cellulose, density of water and gravitational acceleration, respectively. The settling velocity can be approximated by taking the first derivative of the height-time curve.
X-ray diffraction (XRD) to determine the crystallinity of nanocellulose. The XRD pattern of NFC and BC nanofibres was measured using an X-ray diffractometer (PANalytical X'pert Pro, PANalytical Ltd, Cambridge, UK) equipped with 1.54 Å Cu Kα X-ray source. Measurements were taken from 2θ = 10º to 40º using a step size and scan speed of 0.05º and 0.2º s -1 , respectively. The crystallinity of the nanocellulose was calculated based on the area under the curve of the XRD diffraction pattern using:
where A c and A a are the total crystalline and amorphous areas, respectively, between the measured Bragg's angles. Scherrer's equation, 32 (3) † This is the reduced pressure used in the manufacturing of nanocellulose paper.
where θ, β, and λ are the Bragg's angle (in degrees), full width at half maximum of the 002 reflection and wavelength of the X-ray source used, respectively, was used to determine the crystallite size and hence, the structural order of the 002 reflection (L 002 ). These data were then evaluated using the Washburn equation for a single capillary, 34 which is derived from the combination of the Laplace and Hagen-Poiseuille equations for steady state, laminar flow through a capillary neglecting gravity:
Oxygen transmission rate (OTR
where γ lv , η, ρ, are the surface tension, viscosity and density of the test liquid, respectively, and m, A, r, θ and t are the mass gain due to capillarity, cross-sectional area of the capillary, radius of the capillary, contact angles and time, respectively.
However, for the case of these nanocellulose papers, the geometry of the capillary is unknown. Therefore, the factor can be grouped into a factor and assuming the geometry of the capillary is constant 35 throughout the measurement, we arrive at the following equation:
By performing this measurement using a series of different test liquids with known γ lv , the critical surface tension of the solid, γ c , which corresponds to the maximum of the , can be determined. 33 The properties of the test liquids are summarised in Table 1 .
Electrokinetic behaviour of NFC and BC. The electrokinetic behaviour of the nanocellulose was evaluated using ζ-potential measurements (EKA, Anton Paar, Graz, Austria) based on streaming potential method. In order to exclude any overlaying effects due to the swelling of the nanocellulose or extraction of watersoluble components from the samples, the pH dependency of ζ-potential was measured only after a time dependent ζ-potential measurement in 1 mM KCl electrolyte was completed. During the ζ = f(t) measurement, the streaming potential was generated by applying a steady pressure increase to 250 mbar across a channel, which was created by stacking two nanocellulose papers between a PTFE channel.
The pH dependency of the ζ-potential was then measured by changing the pH of the 1 mM KCl electrolyte solution by adding 0.1 N HCl or KOH using a titration unit (RTU, Anton Paar, Graz, Austria).
Thermal stability of NFC and BC nanofibres: thermogravimetry analysis (TGA).
The thermal degradation behaviour of NFC and BC nanofibres was investigated using TGA (TGA Q500, TA Instruments, UK). Samples of 5 mg were heated from room temperature to 600ºC at a heating rate of 10ºC min -1 in nitrogen and air (60 mL min -1 )
atmosphere.
Density of nanocellulose papers and their nanocomposites. He pycnometry (AccuPyc 1330, Micromeritrics Ltd, Dunstable, UK) was used to measure the true density of nanocellulose papers and their nanocomposites. The volume fractions of nanocellulose in the composites are then back calculated from their respective densities. The thickness of the nanocellulose papers was measured using a micrometre calliper. With the thickness known, the bulk volume was calculated and the bulk
density was determined by taking the ratio between the mass and the bulk volume of the evaluated paper. The porosity (P) was then calculated using:
where ρ bulk and ρ papers are the bulk and true density of the nanocellulose papers, respectively.
Tensile properties of the nanocellulose papers and nanocomposites. Nanocellulose papers were cut into dog bone shape specimens using a Zwick cutter. The test specimen possesses an overall length of 35 mm and the narrowest part of the specimen is 2 mm. Prior to the test, the specimens were secured onto testing cards were tested for each type of nanocomposites.
Results and discussions

Morphology of NFC and BC
The morphology of the two different forms of nanocellulose was studied using scanning electron microscopy (SEM) (see Figure 2 ). Both types of nanocellulose possess a fibrous structure with dimensions of approximately 50 nm in diameter and several micrometres in length. It can also be seen that the diameter of the nanofibres are very uniform. This is not surprising for BC as its production is well-controlled by the biosynthesis of cellulose producing bacteria, whereby the nanocellulose is excreted by bacteria and assembled into the ribbon-shaped nanofibres. 36 The production of NFC, on the other hand, was carried out by grinding birch kraft pulp using Masuko Mass Colloider. The pulp was passed through the grinder several times to ensure a uniform fibre diameter. 37 NFC contains approximately 25% of amorphous xylan, which enhances the fibrillation procedure. In addition to this, both the NFC and BC papers are translucent (see Figure 3) . The NFC paper is more transparent compared to BC papers. This could be due to the better disintegration and distribution of individual nanofibres within the paper structure. It is also evident from Figure 4 that the filtration time for BC suspension is faster than that of NFC suspension, which implies that the effective particle size of BC in suspension is larger than that of NFC.
The hydrodynamic diameters of the nanocellulose in suspension were estimated to be 34 µm and 16 µm for BC and NFC, respectively. In addition to this, the slower filtration time of NFC suspension could be attributed to the swelling of NFC. NFC swells more than BC (see zeta potential section). As a result, the filter cake formed by NFC is less permeable than BC. BC and NFC papers made from suspensions (grammage of 60 m 2 g -1 ) were 79 µm and 64 µm thick, respectively. In addition to this, the slight difference in thickness may affect the transparency of the papers. 38 
Crystallinity of NFC and BC
The XRD patterns of NFC and BC are shown in Figure 5 . The diffraction pattern of BC exhibited the typical diffraction peaks of native cellulose at 14°, 16°, 22.5°, 34°, which corresponds to the diffraction plane of 101, 10 , 002 and 040, respectively. The crystallinity of all the samples was calculated based on the area under the curves of the diffraction pattern (see equation 2), instead of the more commonly used Segal equation. 41 These results are tabulated in Table 2 . Segal's equation is a semiempirical equation derived for native cellulose (cotton) without any impurities and therefore, the crystallinity obtained for NFC using this equation would not be accurate. BC possesses a higher crystallinity compared to NFC (see Table 2 ). BC also possesses a larger crystallite size and smaller d-spacing compared to NFC. This is due to the fact that NFC possesses high content of amorphous hemicelluloses, mainly xylan whereas cellulose content of the BC is higher than 99%. The cellulose of NFC could also be less crystalline than cellulose produced by bacteria. The carbohydrate composition of the pulp and the NFC produced from it are very similar. The composition is 73% glucose, 26% xylose and 1 % mannose. 42 The pulp contains also 0.2% residual lignin and 0.09% residual extractives. 43 In addition to this, the difference in the crystallite size and d-spacings of NFC and BC could be ascribed to the difference in crystal structures between the two types of cellulose. BC is predominantly cellulose-Iα whereas plant-based cellulose such as NFC is predominantly cellulose-Iβ. 39 This difference in the types of crystal structures result in the observed difference in crystallite size and d-spacings. 44 
Wetting behaviour and critical surface tension of BC and NFC
Wicking of test liquids into nanocellulose paper was used to characterise the wetting kinetics of nanocellulose and to determine the surface energy. Typical wetting curves are shown in Figure 6 . The initial slope is a result of capillary effect imbibing the wetting liquids while the plateau is caused by the balance between capillarity and gravity. 33 By evaluating the initial slope of wetting curves, a plot of the normalised wetting rate (right hand side of equation 5) against the surface tension of the test liquids can be produced (see Figure 7) . This plot exhibits a maximum point, which is analogous to the Zisman's critical solid-vapour surface tension of the investigated nanocellulose. 33 The liquids with surface tensions to the left of the maximum will fully wet the nanocellulose whilst partial wetting is observed for liquids having surface tensions to the right of the maximum. The data points shown in Figure 7 were fitted with a polynomial curve. The maximum point, corresponding to the critical surface tension of cellulose, which is defined as the surface tension of an imaginary liquid just wetting a solid completely, is summarised in 45 and could be ascribed to its high crystallinity 45, 46 and purity. 47 On the other hand, NFC is a composite material consisting of cellulose and hemicellulose and both constituents will contribute to the overall solid surface tension of NFC. The surface tension of hemicellulose was found to be lower than that of cellulose. 47 This results in the observed lower surface tension of NFC compared to BC.
Streaming potential of NFC and BC papers
ζ-potential provides information regarding the surface chemistry of a material, the formation and composition of the electrochemical double layer when this material is in contact with an aqueous electrolyte solution. Figure 8 shows the streaming ζ-potential of NFC and BC as a function of pH. The formation of the electrochemical double layer is predominantly due to the dissociation of Brønsted acid/base groups and adsorption of electrolyte ions onto the surface. The ζ-potential shows a plateau at high pH, indicating that the surface is acidic as all dissociable functional groups, such as -OH group, are fully deprotonated. As the pH decreased, the ζ-potential increases due to protonation of functional groups. As the pH is decreased further, the ζ-potential reaches zero, which corresponds to the isoelectric point (iep) of the investigated surface. This is the point where no net charge is present on the surface.
After iep, a further decrease in pH resulted in the drastic increase in ζ-potential due to the adsorption of protons (H 3 O + ) onto the surface. governed by the pK a of all the dissociable functional groups present. 48 In the case of BC, the iep is due to dissociation of -OH groups in cellulose molecules, with pK a values of between 2.5 and 3.4 (estimated based on purified cotton cellulose). 49 On the other hand, the dissociable functional groups in NFC include the -OH and/or carboxyl (-COOH) groups present in the cellulose and hemicellulose, such as xylan and glucose, which possess pK a values of 3.7 50 and 5.6, 51 respectively. The observed more negative value of ζ plateau for BC compared to NFC can also be attributed to the low crystallinity and high hemicellulose content of NFC. Hemicellulose is known to swell in water. 52 The lower crystallinity of NFC also enhances the swelling effect due to the high water uptake. 53 This swelling of NFC causes the transfer of the plane of shear into the electrolyte which excludes the diffusive part of the electric double layer from mechanical and electrical interaction. 54 This is also supported by the Δζ obtained from ζ = f(t) measurement. The quotient Δζ = (ζ ∞ -ζ 0 ) / ζ 0 provides an indication of the degree of swelling of the investigated surface. 55 The larger Δζ value of NFC (low crystallinity) indicates a higher degree of swelling compared to BC (high crystallinity), which possesses a lower Δζ value. These results are in good agreement with the observed more negative ζ plateau value for BC compared to NFC.
Thermal degradation behaviour of NFC and BC
The thermal degradation behaviour of NFC and BC is shown in Figure 9 . The onset degradation temperatures in nitrogen and air are tabulated in Table 3 . In nitrogen atmosphere, both the nanocellulose underwent a single step thermal degradation (see Figure 9 , top). The initial weight loss in temperature range of 50-150°C is mainly due to removal of moisture from the cellulose. The thermal degradation occurring between temperatures of 250-400°C is attributed to the depolymerisation of hemicellulose (for NFC) and cleavage of glycosidic linkages of cellulose (for both NFC and BC). 56 In air, a two-step thermal degradation behaviour for NFC and BC was observed (Figure 9 , bottom). The initial weight loss between 300-350°C is attributed to the degradation of compounds with lower molecular weight first and the second decomposition step (350-500°C) is attributed to the degradation of the sixmember cyclic structure of cellulose (pyran). 57, 58 Even though the thermal degradation behaviour of NFC and BC are very similar in nitrogen and air atmosphere, the onset degradation temperature of NFC is lower than that of BC. The earlier onset degradation of NFC can be attributed to its lower crystallinity compared to BC. 59 
Tensile properties of cellulose papers and nanocomposites
Both types of nanocellulose papers possess similar stiffness and strength; 12.8 ± 1.4
GPa and 103 ± 13 MPa, respectively for NFC paper, 12.0 ± 1.1 GPa and 123.7 MPa, respectively for BC paper (see Table 4 and the characteristic stress-strain curves are shown in Figure 10 ). These values are consistent with the mechanical properties of nanocellulose papers studied by Henriksson et al. 29 and Iwamoto et al. 60 At first glance, it seems surprising that BC papers, which have a much higher degree of crystallinity, possess almost the same elastic modulus as NFC. However, BC paper is more porous compared to NFC paper (see Table 5 ). The porosity of BC paper was found to be 52% compared to NFC paper of only 38%. The oxygen transmission rates through the paper structures confirm this. The papers prepared using NFC possess lower oxygen transmission rates indicating more densely packed fibrillar network structure compared to the BC papers. We postulate that the larger fragments of the BC network (hydrodynamic diameter of 34 µm) as compared to the smaller NFC fibrils (hydrodynamic diameter of 16 µm) will affect the packing efficiency in the wet state, resulting in this higher porosity and thicker papers. Nevertheless, it is quite remarkable that BC papers with such a high porosity possess good mechanical
properties. In addition to the difference in porosity of the papers, the presence of hemicellulose also affects the mechanical properties of NFC papers. Hemicellulose acts as adhesive for the nanofibres forming a composite, analogous to plant fibres.
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As a result, NFC with lower crystallinity and porosity possesses a similar strength and stiffness to BC (higher crystallinity and porosity). BC, on the other hand, has a higher strain-to-failure at 7.5% compared to NFC of only 4.2%. The higher strain-to-failure of BC papers was probably be due to fewer physical crosslink points between the nanofibres, which allows for the realignment of the fibres during tensile loading. In addition to this, the presence of hemicellulose could also lead to the reduction in the strain-to-failure of NFC papers. Although hemicelluloses can improve the bonding within the nanofibres, which is postulated to be the result of film forming ability and natural affinity towards cellulose, the distinctive feature of the hemicellulose films is their brittleness. 62 The tensile work of fracture (W A , calculated from the area under the stress-strain curve) was, as expected, smaller for NFC papers compared to BC papers.
A stack of 11 papers of NFC and BC paper were resin infused with an ultra low viscosity epoxy resin. This resin was chosen to ensure that the liquid will impregnate the nanocellulose papers. The surface tension of the liquid epoxy resin (with hardener) was measured § to be 32.3 ± 0.1 mN m -1 . This liquid resin should, therefore, fully wet both BC and NFC papers as the critical surface tension of the cellulose was higher than the surface tension of the resin. The manufactured nanocomposites possess different fibre volume fractions (v f ). In order to be able to compare between the nanocomposites, the Young's moduli of the nanocomposites were normalised to an equivalent fibre volume fraction of 60 vol.-% (see Table 6 ).
Both NFC and BC exhibited excellent reinforcing ability when used in paper form as reinforcement due to the presence of the cellulose network structure in the reinforcement. The Young's modulus of the nanocomposites was 8 GPa compared to that of the neat resin of only 3 GPa. This increase is inline with the modulus calculated using the "rules-of-mixtures" for composites, † indicating that the maximum possible Young's modulus of the material was achieved. There is a slight difference in the reinforcing ability between NFC and BC when the tensile strength (σ) was compared. BC reinforced nanocomposites possesses higher σ compared to NFC reinforced nanocomposites, even when the former had a slightly lower v f . We attribute this to the higher surface energy of BC, which promotes better adhesion between the matrix and the reinforcing fibre. The higher elongation at break of BC paper reinforced nanocomposites compared to NFC nanocomposites is due to the higher strain-to-failure of the BC paper. showed slightly higher tensile strength compared to NFC papers by approximately 6%. The higher elongation at break of BC paper reinforced nanocomposites compared to NFC paper reinforced nanocomposites is due to the higher strain-to-failure of the BC paper. Nonetheless, the difference between the tensile strength of the nanocomposites reinforced by NFC and BC is not very significant. This implies that both NFC and BC will serve as excellent reinforcing material for the production of nanocomposites. 
Conclusions
